Abstract. Autophagic (lysosomal) and proteasomic protein degradation are important regulatory mechanisms in the homeostasis of muscle mass, that may be profoundly disturbed in cancer and other wasting syndromes. Due to the inhibiting effect of amino acids and insulin, net proteolysis is restricted to the fasted state, and in autophagy certain amino acids have been identified as 'regulatory' in the rat, including leucine, tyrosine, phenylalanine, methionine, and histidine (i.e. LYFMH). The present cross-sectional study assessed postabsorptive net protein catabolism in male cancer patients as well as in healthy male volunteers, to analyse its relation to such 'regulatory amino acids'. Postabsorptive amino acid exchange rates across the leg were determined in patients with gastrointestinal cancer (GIC, n=47) or renal cell carcinoma (RCC, n=15), age-matched (n=33), and young male control subjects (n=42). Both groups of cancer patients revealed a significantly lower postabsorptive net protein catabolism than control subjects. Furthermore, in the control subjects, the postabsorptive net protein catabolism was found to be inversely and significantly correlated with the arterial concentrations of the 8 amino acids YSHMFGI and L which include 5 of the 'regulatory amino acids'. Cancer patients, in contrast, revealed no such significant correlations. These results may indicate i) that postabsorptive net protein catabolism in skeletal muscle of healthy subjects may be sensitive to amino acids which reportedly regulate autophagy and ii) that such amino acidsensitive mechanism of protein catabolism may be disturbed in cancer patients.
Introduction
Autophagic (lysosomal) together with proteasomic protein breakdown has been recognized as an intracellular catabolic mechanism, that balances protein synthesis and allows for homeostasis of e.g. skeletal muscle protein content and mass. Autophagy, an evolutionary conserved pathway of all eukaryotic cells, contributes to long-lived protein degradation as well as organelle turnover (1, 2) and has a pivotal role in health and disease. During (macro)autophagy cytoplasmic material is engulfed by intracellular membranes from endoplasmic reticulum, which thereby form vesicles (autophagosomes) and eventually fuse with lysosomes. By targeting the autophagy gene beclin 1 (bec-1) in the Daf-2 (e1370) mutant of C. elegans, i.e. a well established model of aging, autophagy was shown to be essential for life span extension (3) . This positive effect of autophagy is tentatively explained by its role in the homeostatic control of free amino acid concentrations and mitochondrial turnover. At least in Saccharomyces cerevisiae and Dictyostelium discoideum, autophagy was shown to be essential for cell survival at times of limited amino acid availability (4) (5) (6) . By degrading degenerated organelles, including mitochondria, autophagy also plays an important role in the maintenance of cellular integrity (2, 7, 8) . It also plays a role in the turnover of Alzheimer's precursor protein (reviewed in refs. 9,10).
Autophagic and proteasome activity are subjected to nutritional and hormonal control, e.g. through insulin and amino acids. Amino acids were shown to inhibit autophagic protein catabolism in liver (11) (12) (13) (14) (15) and skeletal muscle cells (16) (17) (18) (19) (20) . In experiments on rat liver, Mortimore and colleagues identified leucine, phenylalanine, tyrosine, glutamine, proline, histidine, tryptophane, and methionine as the effective amino acids and proposed the term 'regulatory amino acids' (11, 12, 21) . More recent studies have shown that autophagy is inversely correlated with protein synthesis at the translational level as schematically illustrated in Fig. 1 . Amino acids were reported to upregulate the mammalian target of rapamycin (mTOR or FRAP) (22) (23) (24) , to stimulate p70 S6 kinase (25, 26) , and to exert, in addition, a direct inhibitory effect on autophagic activity through an mTOR-independent signaling pathway (15, 20) . It has been suggested that a decrease in amino acid concentrations may also stimulate the chymotrypsin-like activity of the proteasome, but the effects were relatively small (27) . Effects on proteasome activity were obtained with a set of amino acids, which included lysine and arginine but not methionine and histidine, implying that the effective amino acids were different from those reported to inhibit autophagy (11, 12, 21) .
As autophagic activity is inhibited by an increase in (certain) amino acid concentrations or by insulin stimulation, it is limited to the postabsorptive (fasted) state (reviewed in refs. 8, 11, 12) . The absence of such inhibiting signals allows for an autophagic (and proteasomic) activity that re-establishes amino acid homeostasis, and thereby minimizes the formation of incomplete polypeptide chains. Skeletal muscle tissue of healthy human subjects shows substantial net protein catabolism after an overnight fast, i.e. during periods with low plasma amino acid and insulin levels (28) (29) (30) (31) . An increasing body of evidence suggests that the amino acidsensitive and insulin-sensitive postabsortive net protein catabolism is essentially the manifestation of autophagy (reviewed in refs. 8, 11, 12) . Notably, at low insulin levels muscular protein catabolism was shown to be mainly mediated by the autophagic-lysosomal mechanism (32) .
To evaluate the possible role of autophagy in humans, we studied the postabsorptive net protein catabolism in human skeletal muscle tissue and determined its correlation with the plasma concentrations of the distinguishing amino acids histidine, methionine, lysine, and arginine (see above). In addition, we studied the postabsorptive net protein catabolism in cancer patients at risk of cancer-related cachexia to evaluate the effect of malignant disease. The amino acid exchange rate of tyrosine across the lower extremities, which was calculated from the arterio-venous difference of plasma amino acid concentrations and the plasma flow, was used as an indirect but convenient measure of net protein synthesis or net protein catabolism in peripheral (mainly skeletal muscle) tissues of human subjects (28, 31) .
Patients and methods
Amino acid exchange rate as a measure of net protein catabolism in the peripheral tissues of the lower extremities. The exchange rate of tyrosine across the lower extremities was taken as a measure of peripheral protein catabolism (29) (30) (31) (32) . The postabsorptive tyrosine exchange rate and the arterial free amino acid concentrations were examined in male patients with either gastrointestinal cancer [n=47; mean age 62±9 (SD) years] or renal cell carcinoma (n=15; 58±8 years), age-matched (n=33; 63±10 years), and young male controls (n=42; 28±8 years). Exclusion criteria were any previous cancer treatment, endocrine dysfunction, liver disease, and renal insufficiency. The cancer patients were hospitalized for curative surgery, while the age-matched control subjects had either benign abdominal diseases or angiopathies requiring Table I . Metabolite exchange rates a in cancer patients and control groups. i TAA, sum of total amino acids.
-
elective operations. In both cancer patients and controls, body weight as percentage of optimal weight, body mass index and body cell mass as % of body weight (bioimpedance analysis) were normal. Also, standard blood chemistry data were in the normal range. The amino acid exchange rate is derived from the difference between arterial and venous plasma amino acid concentrations (nmol ml -1 ) multiplied by the plasma flow (ml min -1 ) per tissue volume (100 ml). Leg blood flow was quantified by venous occlusion plethysmography as described previously (33), using a Periquant 3500 device (Dr Gutmann, Eurasburg, Germany). The mean of 10 measurements was used to compute the peripheral blood flow (ml min -1 ) per 100 ml of tissue. Blood samples were taken from the femoral artery and vein. The femoral artery was carefully punctured after digital palpation of the groin. If necessary, an ultrasound Doppler device (Handydrop; Kranzbühler, Solingen, Germany) was also used to identify the blood vessel. The femoral vein was punctured 2 cm medially, and blood was taken by essentially the same procedure. All subjects were studied after an overnight fast. The exchange rates were finally calculated on the basis of the arterial and venous plasma amino acid concentrations and the blood flow according to the following equation: [(arterial concentration -venous concentration) x blood flow x (1-hematocrit)] divided by the tissue volume. The results are expressed as nanomoles 100 ml -1 min -1 . Our studies were approved by the local ethics committee and were conducted according to the principles expressed in the revised Declaration of Helsinky, 1993. Informed written consent was obtained from all participants.
Determination of plasma amino acid concentrations. For amino acid analysis, the plasma samples were deproteinized with sulfosalicylic acid and analyzed by column chromatography with a Biotronic LC 5001 instrument with Durum DC 4A (Eppendorf-Biotronic, Hamburg, Germany) as described previously (34) .
Statistical analysis. Different groups were compared by the Mann-Whitney test for independent samples. A P-value of <0.05 was regarded as statistically significant. Standard errors of arithmetic means were used as descriptive statistics. Correlations between parameters were described graphically by scatter plots and linear regression lines. The strength of relationship was assessed by Pearson's product-moment correlation coefficient r.
Results
Metabolite exchange rates in cancer patients and control subjects. The patients with gastrointestinal cancer (GIC) or renal cell carcinoma (RCC) in our study were well nourished, but their disease generally implied a risk to become cachectic. Therefore, we expected the postabsorptive protein catabolism in these patients to be as high or even higher than that of the age-matched control group. Surprisingly, we found that in these cancer patients the postabsorptive rate of protein catabolism was significantly lower than in age-matched controls as indicated by the decreased efflux of tyrosine from the lower extremities (Table I ). The efflux of glutamine, threonine, Table II . Correlation between peripheral postabsorptive net protein catabolism and arterial plasma amino acid concentrations. ----------------------------------------------- 
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0.47 Figure 1 . Inhibition of autophagic activity by 'regulatory amino acids': schematic illustration. Autophagy is negatively regulated by the mammalian target of rapamycin (mTOR) and p70S6 kinase, i.e., components of the insulin receptor signaling cascade. 'Regulatory amino acids' were shown to upregulate mTOR and p70S6 kinase, and have a direct inhibitory effect on autophagy.
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glycine histidine, alanine, and asparagine as well as the uptake of glutamate were also significantly decreased in both groups of cancer patients. In the age-matched control group, the efflux of tyrosine, glutamine, threonine and glycine was, on the average, still less than in the young control group, but these differences were not statistically significant. Incidentally it was found that the cancer patients had a decreased rate of glucose uptake, an increased efflux of lactate and a decreased efflux of fatty acids compared to agematched controls (Table I ), indicating that these patients were already metabolically disturbed before the onset of clinical malnutrition.
Correlations between the postabsorptive net protein catabolism and arterial plasma amino acid concentrations indicative of autophagy. As the autophagic and proteasome-mediated mechanisms of protein catabolism were reported to be inhibited by different sets of amino acids (see Introduction), we determined whether the postabsorptive net protein catabolism may be correlated with the arterial plasma concentrations of one or the other set of amino acids. The combined data from the two control groups showed that the postabsorptive tyrosine exchange rate as our inverse indicator of net protein catabolism was significantly correlated with the arterial concentrations of the 8 amino acids tyrosine (Y), serine (S), histidine (H), methionine (M), phenylalanine (F), glycine (G), isoleucine (I), and leucine (L) ( Table II and Fig. 2 ). This group included 5 of the 7 amino acids that had previously been identified as 'regulatory amino acids' in the control of autophagic activity in the rat. In contrast, this group did not include the amino acids, arginine and lysine, which have been implicated in the regulation of the proteasome-mediated protein catabolism (see Introduction). Proline, tryptophan, and cysteine were not detected in our amino acid analysis. Other amino acids showed no significant correlation with the tyrosine exchange rate.
Also in the two groups of cancer patients, we observed no significant correlation among the tyrosine exchange rates and amino acid concentrations (Table II) . A more detailed analysis showed that subjects with high(er than median) [YSHMFGIL] values had, on the average, similar and relatively small tyrosine exchange rates in all four groups of patients and controls under test (Fig. 3, upper panel) . Major differences between the four groups of subjects were only seen among the subsets with low(er than median) [YSHMFGIL] levels (Fig. 3, lower panel) .
Discussion
In healthy subjects we found significant correlations between postabsorptive muscular amino acid exchange rates and the arterial plasma concentrations of 5 of the 7 amino acids (Table II) that have been identified to regulate autophagy in the rat (11, 12, 21) . This may indicate a role of autophagy in the net protein degradation of skeletal muscle under conditions of low insulin concentrations. However, as the major portion of the variability in net protein degradation remained unexplained by these amino acids, our data allow no conclusion of the separate contribution of autophagic and proteasomic protein degradation under the postabsorptive conditions, as drawn earlier by others (32) . As a methodological limitation to this study, the amino acid exchange rate across assesses a net effect, i.e. it does not separate protein synthesis from degradation.
However, as an unexpected but important finding, both groups of cancer patients showed, on the average, a significantly lower postabsorptive net protein catabolism than the two control groups. Together with a decrease in tyrosine exchange rate, there was also a significant decrease in the exchange rates of several other amino acids, including amino acids that are not metabolized in muscle tissue (35, 36) . Moreover, the cancer patients showed no significant correlation between the tyrosine exchange rate and the arterial amino acid concentrations. The fact that both groups of patients showed practically normal (and relatively low) tyrosine exchange rates at high arterial [YSHMFGIL] levels and no substantial increase in protein catabolism at low [YSHMFGIL] levels (Fig. 3 ) may suggest that in these patients the amino acid-sensitivity component of protein catabolism (autophagy) may be disturbed.
These cancer patients were well nourished, but the metabolic dysregulation in malignant diseases is known to start well before overt weight loss. As the arterial concentrations of the 'regulatory amino acids' in the two groups of cancer patients were not markedly higher than those of the control groups (data not shown), it is suggested that autophagy was inhibited in these patients by a mechanism other than the inhibitory signal from 'regulatory amino acids'.
The significantly lower glucose exchange rate in cancer patients compared to age-matched controls points at a possible muscular insulin resistance. As plasma insulin levels were not assessed, a separate inhibiting effect of increased insulin on autophagy or proteasome activity via Akt (15, 16 ) cannot be ruled out.
Any failure to express autophagic activity at times of amino acid starvation and low insulin concentrations is likely to impair the homeostatic control of free amino acid concentrations. If certain amino acids become limiting in protein synthesis, incomplete and unfolded polypeptide chains are likely to accumulate. This may be related to the fact that cancer patients were found to have an increased rate of proteasomal protein catabolism as abnormal polypeptides are typically degraded by the ubiquitin/proteasome-dependent proteolytic mechanism (37) (38) (39) (40) . However, the causative mechanisms are still unknown.
